Abstract. Paternally expressed imprinted gene 10 (PEG10), derived from the Ty3/Gypsy family of retrotransposons, has been implicated as a genetic imprinted gene. Accumulating evidence suggests that PEG10 plays an important role in tumor growth in various cancers, including hepatocellular carcinoma, lung cancer and prostate cancer. However, the correlation between PEG10 and breast cancer remains unclear.
Introduction
Breast cancer ranks as the second cause of cancer death among women (1) (2) (3) (4) . Clinical cases have indicated that most of the breast cancer deaths are caused by metastasis (5, 6) , and as a distinct metastatic pattern, breast cancer cells are more inclined to migrate into lymph nodes, bone marrow, lung, liver and brain (7) . Extensive efforts have been made towards a better understanding of human breast cancer oncogenic events, and many biomarkers have been reported to be an indicator for initiation and invasion of breast cancer. These may include among others; proline rich inositol polyphosphate 5-phosphatase (PIPP), which when depleted inhibits PI3K/AKT signaling, enhanced the transformation ability of breast cancer cells, but reduced cell migration and invasion thus indicating that PIPP is a potential suppressor of oncogenic PI3K/AKT signaling in breast cancer (8) ; bone marrow stromal antigen 2 which is expressed in cancer cells and facilitates the emergence of neoplasia and malignant progression of breast cancer (9) and others such as oncoprotein hepatitis B X-interacting protein which when mediated by general control non-derepressible 5 promotes the migration of breast cancer cells and therapeutically could act as a novel target in breast cancer (10) .
PEG10 (paternally expressed imprinted gene 10) located at human chromosome 7q21 was first reported to a gene from a newly defined imprinted region in 2001 (11) . Akamatsu et al have reported that PEG10 was highly expressed in neuroendocrine prostate cancer (NEPC), and distinct isoforms of PEG10 promoted proliferation and invasion of NEPC cells, which could be recognized as a specific therapeutic target for NEPC (12) . Abnormal overexpression of PEG10 was found in most hepatocellular carcinoma cells, and regenerating mouse liver cells (13) . PEG10 expression was reported to be associated with worse survival and recurrence in hepatocellular carcinoma, which could indicate that PEG10 as a potential target predicting early recurrence and recurrence-free survival after curative resection (14) . Long-term inhibition of PEG10 was found to lead to induction of apoptosis in B-cell chronic lymphocytic leukemia (B-CLL) cells (15) . The PEG10 knockout mice showed early embryonic lethality owing to defects in the placenta, which indicated that PEG10 played an important role in placental PEG10 promotes human breast cancer cell proliferation, migration and invasion (16) . PEG10 expression was closely associated with the clinical, pathological and biological behaviors, and a poor prognosis in gallbladder cancer (17) . In breast cancer transgenic mouse models with c-MYC overexpression, most of the mammary carcinomas developed by overexpressing c-MYC had increased PEG10 mRNA expression compared with normal mammary gland (18) . Though PEG10 has been implicated in many types of cancers, the function of PEG10 in human breast cancer still remains unclear.
In recent years, we have focused on PEG10 in several cancers, including hematological malignancies and lung cancer. We have observed that in CD19 + CD34 + B cells from patients with B-cell lineage acute (B-ALL) and B-CLL, PEG10 was activated by CXCR5 and CCR7 co-simulation thus contributing to apoptosis resistance (19) . similarly in B-ALL CD23 + CD5 + B cells, PEG10 expression level was upregulated by CCL19 and CXCR13, which also enhanced the anti-apoptosis ability (20) . PEG10 promoted Raji cell migration capacity by up-regulating matrix metalloproteinase-2 (MMP-2) and MMP-9 expression (21) . Recently, we observed that the expression of PEG10 was closely related to clinical TNM grade and patient prognosis in lung cancer through publicly available datasets. Amplifying this finding, in vitro experiments in A549 cells, indicated that PEG10 facilitated cell proliferation and promoted tumor cell migration and invasion by upregulating the expression of β-catenin, MMP-2 and MMP-9 (22) . Therefore using Gene Expression Omnibus (GEO) datasets, we analyzed the relationship between PEG10 and breast cancer, and found that the high expression of PEG10 was positively correlated with the poor grade of breast cancer and closely related with overall survival of the patients. Thus, we hypothesize that the elevation of PEG10 also enhances breast cancer cells proliferation and invasion.
Materials and methods
Cell culture. Human breast cancer cell line MDA-MB-231 and human hepatoma cell line HepG2 were obtained from American type culture collection (ATCC) and maintained in Dulbecco's modified Eagle's medium (DMEM) with high glucose (Gibco, Carlsbad, CA, UsA) supplemented with 10% fetal bovine serum (FBs; Hyclone Corp., Logan, UT, UsA), containing 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were cultured in a 5% CO 2 air incubator at 37˚C and passaged using 0.25% trypsin-EDTA (Gibco) when they reached confluence.
Plasmid and transfection. Full-length PEG10 was isolated from HepG2 cells, and then subcloned into pEGFP-c1 plasmid between HindIII and SalI restriction sites. The orientation and correct frame of the recombinant vector pEGFP-c1/ PEG10 (PEG10-EGFP) and the empty vector pEGFP-c1 plasmid used as control (Control-EGFP) were confirmed by sequencing.
For transient transfection, cells were first seeded in plate at 60% confluency (5x10 5 Wound-healing assay. Confluent monolayers of MDA-MB-231 cells (60%) were triple plated in a 24-well plate, and transfection was done as described above. After transfection for 48 h, cells were starved with DMEM solution containing 1% FBs for 24 h. A wound was then scratched in each well using a sterile P10 micropipette tip. Cells were allowed to migrate for 24 h and images were obtained by microscopy using a charge coupled device (CCD) camera. All analyses were repeated in triplicate.
Transwell migration and Matrigel invasion assay. Cells were transfected with plasmids for 48 h as described above. The cells were then digested, centrifuged and suspended into DMEM medium with 1% FBs. A total of 5x10 4 PEG10-EGFP and Control-EGFP cells were plated in upper chamber, which was a 6.5-mm-diameter, polycarbonate membrane with an 8-µm pore size filter, coated (invasion) or not coated (migration) Matrigel (Corning, NY, UsA). The lower chamber was filled with 500 µl DMEM solution containing 20% FBs, which acted as a chemoattractant. After 24 h of incubation at 37˚C, non-migrated cells were removed with cotton swabs and migrated cells were fixed in methanol and stained with 0.1% crystal violet. Images were obtained by light microscope with charge coupled device camera. Cells from four different fields were counted.
Clone formation assay. Transfected cells (500) were seeded to each well of 6-well plate and allowed to grow for 10 days in 37˚C incubator. The cells were then washed twice with ice cold PBS, fixed by methanol for 10 min and stained with crystal violate for 10 min. The images of stained and clone spheres of cells were obtained by a charge coupled device camera.
RNA extraction and real-time quantitative RT-PCR.
Total RNA was extracted from MDA-MB-231 cells using TRIzol (Invitrogen, USA) according to the manufacturer's specifications and quantified by NanoDrop 2000 (Thermo Scientific, Waltham, MA, UsA). RNA (2 µg) was reverse-transcribed to cDNA with random primers using the reverse transcriptase kit Protein extraction and western blotting. Transfected cells were washed with ice cold PBs and lysed by RIPA supplemented with protease inhibitor PMsF on ice. Concentrations of total protein were measured by BCA kit (Thermo Scientific) and absorbance was obtained by the PerkinElmer 2030 VICTOR X Multilabel Plate Reader. The extracted proteins were separated by 10% sDs-polyacrylamide gel electrophoresis and transferred to PVDF membranes (Millipore, Billerica, MA, UsA). The membrane were blocked with 5% non-fat milk TBs-T (0.1% Tween-20, 100 nM Tris-HCl, 0.9% NaCl) and incubated with primary antibodies with gentle shaking at 4˚C overnight. After washing four times, the membranes were incubated with HRP-conjugated secondary antibodies for 2 h. The signals were detected using an enhanced chemiluminescence detection kit (Thermo Scientific).
Bioinformatics analysis. several GEO datasets were used to analyze the correlations of PEG10 and clinical pathological features. PEG10 expression was traced by probe 212092 and 212094 in the platform. The PEG10 expression of different groups were obtained and compared by two-tail t-test. In order to observe the overall survival, patients were divided into PEG10-high-expression (top 25%) and PEG10-lowexpression group (remaining 75%) and survival curves were obtained by Kaplan-Meier and Log-rank tests which could Figure 1 . PEG10 was highly expressed in breast cancer and closely correlated with clinicopathological features. Analysis of PEG10 expression in normal breast and breast carcinoma in GsE42568 (A) ( ** p<0.005) and GsE10780 (B) ( *** p<0.001), respectively. PEG10 expression in different grade of breast cancer progression in GsE42568 (C) ( ** p<0.005). Tumor sizes were analyzed in low expression and high expression of PEG10 groups in GsE4922 (D) ( * p<0.05). PEG10 expression in heathy, DCIs and IDC groups in GsE21422 (E) ( * p<0.05). PEG10 expression in non-metastasis and metastasis groups in GsE42568 (F) ( * p<0.05). DICs, ductal cancer in situ; IDC, invasive ductal carcinomas; metastasis here defined as lymph node metastasis.
also be obtained using www.kmplot.com website with auto select best cutoff for dividing group. In addition, for Gene set Enrichment Analysis (GsEA), GsE3494 dataset was analyzed with GMT file C5 (GO gene set) as directed by the manufacturer's specifications.
Statistics. Statistical analysis of significant differences were acquired using the GraphPad Prism 5 software. Significance was assessed by t-test followed by unpaired comparisons. ANOVA test was used to evaluate PEG10 expression variation in different tumor grades. Kaplan-Meier plots were constructed and log-rank tests were used to observe overall survival rates related to PEG10 expression. A probability (P) value of ≤0.05 was considered to indicate a statistically significant difference.
Results

PEG10 was highly expressed in breast cancer and closely correlated with clinicopathological features.
From GEO database, we applied the t-test to analyze several datasets containing breast cancer samples with or without normal breast tissues and corresponding clinical information. PEG10 expression was measured as log 2 (probe intensities) using Affymetrix microarrays. As shown in Fig. 1A , PEG10 expression was notably elevated in breast carcinoma compared to normal breast samples (GsE42568, p=0.0049). similar results were obtained in GsE10780 dataset indicating that PEG10 was expressed highly in breast cancer compared to normal tissues (Fig. 1B, p=0 .0002). High PEG10 expression was related to high grade of breast cancer (Fig. 1C, GsE42568, p=0 .006). From GsE4922 dataset, PEG10 high expression was correlated with tumor size and presented more heterogeneity than low-level group (Fig. 1D, p=0 .0333). In addition, patients with invasive ductal carcinomas (IDC) (GsE21422, Fig. 1E , p=0.039) and lymph node metastasis (GsE42568, Fig. 1F , p=0.023) were likely to show PEG10 high expression.
Upregulation of PEG10 led to a poor outcome of breast cancer patients. Consistent with above pathological observations, we analyzed the GEO datasets GsE3494 and GsE42568 to investigate the relationship between PEG10 expression and overall survival rate. According to PEG10 expression, top 25% of samples were considered as the PEG10 high-expression group, and 75% of the samples were included in the PEG10 lowexpression group. The Kaplan-Meier method and log-rank test were used to compare the survival rate of patients with breast cancers in the two groups described above. The data indicated that patients in high-expression group present poorer survival rates than the low-expression group in GsE3494 (Fig. 2A,  p=0 .0077) and GsE42568 (Fig. 2B, p=0 .0496). similar results were observed using www.kmplot.com with auto selected best cutoff in which PEG10 high group have lower survival rates with p value of 0.016 (Fig. 2C ). In addition, survival rate of patients with high PEG10 expression was even lower in patients with lymph node metastasis (Fig. 2D, p=0 .0029), Figure 2 . Upregulation of PEG10 led to a poor outcome of breast cancer patients. Kaplan-Meier analyses were performed in PEG10-high group and PEG10-low group with GsE3494 (A) and GsE42568 (B) to investigate the relationship between PEG10 expression and overall survival rate. The correlation of PEG10 and survival rate in total samples (C), in lymph node metastasis patients (D) and in non-metastasis patients (E) were determined using www.kmplot.com with auto selected best cut-off.
while there was no significant difference in PEG10 high and low group in non-metastatic patients (Fig. 2E, p=0.24 ). These results indicated that PEG10 is negatively correlated with clinical outcome.
PEG10 enhanced cell cycle processes in breast cancer.
GsE3494 dataset was used to analyze PEG10 relationship with biological processes by GSEA. The gene profile of high PEG10 expression group (top 25%) and low PEG10 expression group (75%) were entered to the GSEA software and GMT file C5 (GO gene sets) was selected to process the analysis. The first twenty relevant biological processes that had p<0.05 and false discovery rate p<0.08 were selected and are shown in Table I with enrichment score, normalized enrichment score, normal p-value and false discovery rate values. Fig. 3 shows gene set differences in PEG10 high vs. low patients, indicating that PEG10 regulates gene sets mainly associated with cell cycle progression.
PEG10 accelerates breast cancer cell proliferation and clone formation. First, we constructed PEG10 overexpression plasmid PEG10-EGFP. MDA-MB-231 cells were transfected with PEG10-EGFP plasmid or Control-EGFP plasmid, and mRNA and protein were collected after 48 h of transfection. Real-time quantitative PCR and western blotting were performed for PEG10 expression at mRNA level ( Fig. 4A ) and protein level (Fig. 4B) , respectively. To assess the effect of proliferation by PEG10, MDA-MB-231 cells were transfected with plasmids for 48 h and then seeded in culture plates. Cell viability was measured by CCK-8 assay, and results showed that overexpressed PEG10 promoted the proliferation rates of MDA-MB-231 cells compared with the control group in a time-dependent manner (Fig. 4C ). In addition, clone formation assay also presented similar results (Fig. 4D ) in which clone spheres were enlarged after the PEG10 elevation (Fig. 4E) . All results gathered illustrated that PEG10 could enhance breast cancer cell proliferation and clone formation.
PEG10 facilitated MDA-MB-231 cells into S and G2/M phase.
Flow cytometry analysis revealed that the percentage of MDA-MB-231/PEG10 transfect cells was higher in the s phase and G2/M phase, while the proportion was lower in the G0/G1 phase of the MDA-MB-231/PEG10 transfected cells as compared to the control group, as shown in Fig. 5A and B. These data provided evidence that PEG10 facilitated the cell cycle progression of MDA-MB-231 cells. Fig. 5C shows the quantitative statistical data of the cell cycle.
Overexpression of PEG10 promotes breast cancer cell migration and invasion.
To investigate the migration ability initiated by PEG10, would healing assay were performed Gene set enrichment analysis was determined by GSEA using GSE3494 dataset. The gene profile of high PEG10 expression groups (top 25%) and low PEG10 expression groups (75%) were entered to the GSEA software and GMT file C5 (GO gene set) was selected to process the analysis. in MDA-MB-231 cells. Fig. 6A demonstrates that PEG10 promoted MDA-MB-231 cells to migrate. Transwell assay (Fig. 6B) showed a similar result that PEG10 overexpressing cells migrated more than the control group. Furthermore, Matrigel invasion assay (Fig. 6C ) also suggested that PEG10 was involved in breast cancer cells invasion. After overexpressing PEG10 levels in breast cancer, MMP-1, MMP-2 and MMP-9, which function as matrix decomposers, were evidently increased, while TIMP-1 and TIMP-2 decreased (Fig. 6D) . Importantly, the vital cell-to-cell junction molecule E-cadherin was downregulated after PEG10 overexpression (Fig. 6D) , suggesting that PEG10 might influence the detachment and movement of cancer cells from primary sites to invade secondary sites.
Discussion
Breast cancer is frequently lethal with the second highest mortality rate (15%) among women in America (1, 23, 24) . There were 64,640 new diagnosed in situ breast cancer cases, 232,340 invasive cases and 39,620 deaths due to breast cancer among all ages in the United states in 2013. One in every eight women will develop breast cancer, and invasive incidence is much higher in ages over 50, and so is the mortality incidence (25) . Breast cancer with metastasis is devastating and effective treatments options are facing numerous challenges. Hence, efficient specific tumor-related genes, which could be used in the early diagnosis, prognosis and treatment of breast cancer are urgently required. PEG10 was initially identified in 2001, and since then, it has been continuously positively associated with many types of cancers, including leukemia (15, 19, 20) , lymphoma (21), prostate cancer (12) , liver cancer (13, 14) , and lung cancer (22) . Our recent report unveiled the role of PEG10 in Raji cell apoptosis resistance, proliferation, adhesion, migration and invasion (21) . In addition, we demonstrated that PEG10 is associated with lung cancer progression and enhanced proliferation, carcinogenesis, migration and invasion ability of A549 cells (22) . In this study, we investigated the relationship between PEG10 and breast cancer progression by bioinformatics analysis and the function of PEG10 in breast cancer cells proliferation, cell cycle, clone formation, migration and invasion by in vitro experiments.
With the development of genomics and computer sciences, bioinformatics analysis is emerging as a tool to evaluate and predict diseases and it is widely applied in research (26-28). For bioinformatics analysis, a large cohorts of samples (n>100) Figure 6 . Overexpression of PEG10 promotes breast cancer cell migration and invasion. After cells were transfected with plasmid for 24 h and starved for 24 h, wounds were scratched and images were obtained at each time point (A). Transfected cells were trans-migrated from transwell chamber with (B) or without (C) Matrigel, and cells in the lower membrane were dyed with crystal violet and images were tahen by microscopy. The expression levels of MMPs and other molecules were analyzed after transfection (D). Each experiment was done in triplicate and statistical data are shown as the mean value ( * p<0.05, ** p<0.005, *** p<0.001).
with sufficient clinical information and follow-up records are used as the selecting criteria and GsE42568 (n=121), GsE3494 (n=251), GsE4922 (n=289), GsE10780 (n=185) were chosen in this study. Our results showed that PEG10 was highly expressed in breast cancer tissues compared to normal breast tissues and highly expressed in metastasis tissues versus the non-metastatic tissues. At the same time, PEG10 expression was also linked with tumor grades and tumor size. Univariate survival analysis indicated that patients with PEG10 highexpression were more vulnerable to breast cancer. GsEA results showed that elevated PEG10 expression was closely related with cell cycle processes. These results confirmed that PEG10 may be important to breast cancer development and could be used as a prognosis indicator. In addition, the GsEA table results not only demonstrated that PEG10 was highly related to cell cycle, but also revealed that PEG10 may influence the mRNA metabolic process, cellular protein complex assembling and other biological processes.
For better understanding the role of PEG10 in breast cancer, we performed cytology experiments to verify the results we obtained from GEO datasets. We constructed a PEG10 fulllength plasmid and transfected it to MDA-MB-231 cells. Overexpression of PEG10 was observed to strongly enhance cell proliferation, clone formation ability, and the clone size was much bigger than in the control group. PEG10 also promoted cells into s and G2/M phases, which was consisted with GsEA results. In addition, PEG10 overexpressing cells exhibited enhanced migration and invasion ability based on wound healing assay and invasion assay. Altogether, we propose that PEG10 is strongly associated with breast cancer development and progression.
As tumors progress to higher pathological grades of malignancy, they exhibit invasive properties, such as decreased attachment to other cells. E-cadherin has been seen as a key cell-to-cell adhesion molecule, and its loss has been associated with weakened maintenance of adherens junctions (29, 30) . In our study, we observed that E-cadherin expression was reduced by PEG10 overexpression, indicating the occurrence of weakened cell junction and the possibility of migration. The process of cancer invasion requires extracellular matrix degradation, which is orchestrated by MMPs and TIMPs (31) (32) (33) . It has been widely reported that MMP-2 exhibited a vital role in invasion of breast cancer (34) (35) (36) (37) . MMP-2 is highly expressed in breast cancer and is also positively related to shortened survival (38) . siegel et al reported that in breast cancer invasion, not only MMP-2 and MMP-9 expression was enhanced, but also MMP-1 and MMP-13 were upregulated in a CCR9-dependent fashion (1) . Therefore, in this study we also showed that MMP-1, MMP-2 and MMP-9 were upregulated while TIMP-1 and TIMP-2 were downregulated due to PEG10 overexpression. These results confirmed that PEG10 could enhance the migration and invasion ability of breast cancer. However, the expression of Twist, one of the most important molecules regulating cancer metastasis (39, 40) , was not significant (data not shown), suggesting that PEG10 effect on migration may not be influenced by Twist signaling.
Taken together, this study elucidated that PEG10 was highly expressed in breast cancer and positively correlated with clinicopathological features. Furthermore, we verified that overexpressing PEG10 could promote breast cancer cell proliferation, clone formation, cell cycle, migration and invasion. These findings may be beneficial to a better understanding of breast cancer and to shed light on potential targets for breast cancer diagnosis, and therapeutics.
